Magnetic cobalt ferrite (CoFe 2 O 4 ) nanoparticles were prepared by hydrolysis of non-aqueous cobalt-iron(III) carboxylate solution with water. When the initial concentrations of cobalt and iron(III) in the starting solution were 0.075 kmol/m 3 and 0.15 kmol/m 3 , the complete precipitation of cobalt ferrite was achieved within 20 min at 190 C and 1.3 MPa. The resulting cobalt ferrite particles were free from contamination by the organic starting materials. The particle size of cobalt ferrite drastically decreased from 110 nm to 13 nm as the stirring speed of the starting solution increased from 200 to 800 rpm. The magnetic properties of the resulting cobalt ferrite particles were dependent on the particle size, and the magnetization at a magnetic field of 0.8 MA/m and the coercive force were 51.7 mWbÁm/kg and 4.8 kA/m for the ferrite nanoparticles of 13 nm.
Introduction
Spinel ferrites, MeFe 2 O 4 (Me: Fe(II), Co(II), Ni(II), and Zn(II)), are of importance as magnetic materials in the fields of electronic industry, such as cores in high frequency inductors and transformers, microwave devices, and television receivers. In general, these applications require fine, uniform particles because they have a high sintering activity and can give controlled microstructures. Moreover, magnetic nanoparticles exhibit the superparamagnetic behavior, due to their extremely small size. The magnetic nanoparticles can be used in a wide range of electronics applications, such as magnetic recording media, information storage, and magnetic fluids.
Ferrite oxides can be produced by a conventional solidstate reaction method, in which inorganic salts such as oxides or carbonates are reacted at around 1000 C for 1 to 3 h. The resulting powder by such a dry method is generally aggregated and requires milling operations to obtain ferrite fine particles. Alternatively, wet-chemical methods have been developed for preparing ferrite nanoparticles directly from aqueous solutions. For the preparation of cobalt ferrite, which is the subject of this work, there are several wetchemical methods for preparing ferrite particles directly in aqueous environments; (i) coprecipitation of Fe 3þ and Co 2þ ions in alkaline aqueous solutions at temperatures up to 100 C, 1, 2) (ii) neutralization of metal nitrate solutions in ammonia at 175 C for 4 h under saturated steam pressure (mild hydrothermal conditions), 3) (iii) conversion ofFeOOH and -Co(OH) 2 particles at 80 C for 1 week, 4) and (iv) mechanochemical reaction in aqueous solutions of FeCl 3 , CoCl 2 and NaOH. 5) A disadvantage of these aqueous systems is that the ferrite particles are prepared in aqueous media containing foreign anions, which tend to be a major source of anion contamination of the ferrite products.
An alternative technique called hydrolytic stripping involves precipitation of metal oxides by hydrolysis of nonaqueous metal carboxylate solutions using water at temperatures up to 200 C. 6) Application of this technique to the ferrite preparation has the advantage that the anion contamination of the resulting oxide particles is largely eliminated, because the organic solvent having a low dielectric constant is free from ionic species. Another advantage of this chemical synthesis is that complex metal oxides (e.g. CoFe 2 O 4 ) can be precipitated directly from the mixed-metal complexes in the organic solution; the direct hydrolysis of mixed iron-cobalt complexes in the starting solution enables the attainment of compositional homogeneity in the precipitated ferrite. The hydrolysis route of metal carboxylate solution appears to be chemically similar to that of metal alkoxides (sol-gel method). However, the metal carboxylates are much cheaper starting materials than the metal alkoxides, because the carboxylic acids are widely used as a commercial solvent extractant in hydrometallurgical processes. Using this attractive technique, submicron particles of magnetite and nickel ferrite have been prepared from metal carboxylate solutions between 200 and 245 C, and the particle characteristics have been investigated in detail. 7, 8) Although cobalt ferrite was precipitated from binary mixed-metal carboxylate solutions using water in a sealed tube at 200 C for 3 h, 6 ) the resulting precipitates were poorly characterized. Moreover, little attention has been given to the operating condition for the preparation of cobalt ferrite nanoparticles.
The purpose of this article is to find a suitable condition for the preparation of cobalt ferrite nanoparticles by direct hydrolysis of binary mixed-metal carboxylate dissolved in an organic solvent with water at temperatures up to 190 C and to characterize the resulting cobalt ferrite nanoparticles in detail.
Experimental Section

Materials
The carboxylic acid used in this work was commercially available Versatic 10, a synthetic tertiary aliphatic monocarboxylic acid (Shell Chemical Co., Tokyo, Japan). The synthetic monocarboxylic acid contained at least 98% C 9 H 19 COOH and had an acid value of 320 mg of KOH/g. The Versatic 10 was diluted to desired concentration levels using commercial Exxsol D80, an aliphatic hydrocarbon diluent (Exxon Chemical Co., Tokyo, Japan). These organic materials were used without further purification.
Organic solution of cobalt(II) carboxylate was prepared by solvent extraction from an aqueous CoSO 4 solution. During the extraction operation, the aqueous solution pH was adjusted at around pH 7 by the addition of dilute NaOH solution. Iron(III) carboxylate solution was prepared by exchange extraction; CaO powder was first dissolved in the tertiary monocarboxylic acid solution, and then the resulting calcium carboxylate solution was shaken with an aqueous FeCl 3 solution for several minutes in a separating funnel. After the exchange extraction, the iron(III)-loaded carboxylate solution was washed with very dilute HCl solution (pH 3.0) to remove residual calcium. The single-metal carboxylate solutions were washed with distilled water to remove residual anions and then passed through glass fiber paper and phase separating paper to remove physically entrained water.
Starting solutions containing both iron(III) and cobalt(II) were prepared by mixing the single-metal carboxylate solutions to give a iron(III)/cobalt(II) molar ratio of 2:1, which is based on the stoichiometric composition of cobalt ferrite, CoFe 2 O 4 . The initial concentration of iron(III) in the organic starting solution was 0.15 kmol/m 3 , and the initial cobalt(II) concentration was 0.075 kmol/m 3 . The initial concentration of free carboxylic acid in the organic phase was 1.0 kmol/m 3 .
Apparatus and procedure
A stainless steel autoclave of 400 cm 3 was used to prepare ferrite particles under hydrothermal conditions. The autoclave was 6-cm i.d. and 16-cm height, and a six-blade turbine impeller of 4.5-cm diameter was placed 3 cm above the bottom of the vessel. A 140-cm 3 volume of the iron(III)/ cobalt(II)-loaded organic solution was first charged into a glass vessel and put into the stainless steel autoclave. A 40-cm 3 volume of distilled water was then placed in a small opening between the glass vessel and the autoclave. The binary mixed-metal carboxylate solution was sparged with nitrogen gas at room temperature for 30 min. The organic and aqueous solutions were heated separately in the autoclave, so that the carboxylate solution was in contact with water vapor at elevated temperature. The experimental temperature was varied from 160 to 190 C. Because of the low volatility of the organic solutions, the total pressure in the autoclave was approximately equal to the saturated steam pressure at the operating temperature, that is, 0.6 MPa at 160 C and 1.3 MPa at 190
C. The time required to reach the reaction temperatures of 160 to 190 C was from 5 to 15 min. The organic carboxylate solution was mixed at three different stirring speeds of 200, 500 and 800 rpm. After the continued heating for a period of 60 min, the autoclave was cooled to room temperature for 60 min. The resulting precipitates were filtered, washed with distilled water and acetone, and dried at 50 C for 5 h. The precipitates were characterized by X-ray diffraction (XRD) analysis. The chemical composition of the precipitates was determined by energy dispersive X-ray (EDX) spectrometry. Organic contamination of the precipitates with the starting materials was checked by thermogravimetry (TG) and differential thermal analysis (DTA). The particle size and morphology were examined by a transmission electron microscopy (TEM). The magnetic properties of the resulting precipitates were measured with a vibrating sample magnetometer (VSM) at room temperature. To determine the metal content in the solid products, accurately weighed precipitates were dissolved in a concentrated hydrochloric acid solution and then diluted with deionized water as required. The diluted solutions were analyzed for iron and cobalt by an ion chromatography.
In some precipitation runs, a solution sample of 5 cm 3 was withdrawn from the autoclave and centrifuged for liquidphase analysis. To determine the organic-phase concentrations of iron and cobalt, the organic samples were mixed with 6 kmol/m 3 HCl solution to strip completely the metals in the organic phase, and the aqueous extracts were analyzed for iron and cobalt by the ion chromatography. Because the aqueous samples were completely free from iron and cobalt ions during the precipitation process, the precipitation percentages of iron and cobalt were determined from the concentration of metals in the organic solution at any time, divided by the initial organic-phase metal concentrations.
Results and Discussion
3.1 Hydrothermal treatment of single-metal carboxylate solutions Before treating with the binary mixed-metal carboxylate solutions, the single-metal carboxylate solutions were in contact with water under hydrothermal conditions. The single-iron(III) carboxylate solution was hydrolyzed and gave precipitates at 190 C and 1.3 MPa for 60 min. The resulting precipitates showed only the XRD patterns of hematite (-Fe 2 O 3 ). The hydrolysis of iron(III) carboxylate under hydrothermal conditions has been previously studied for the precipitation process for precipitating -Fe 2 O 3 . 6, 9, 10) On the other hand, the single-cobalt(II) carboxylate solution did not give solid precipitate even when contacted with water at 190 C and 1.3 MPa for 60 min.
3.2 Preparation of cobalt ferrite by hydrothermal treatment of mixed-metal carboxylate solution The precipitation of cobalt ferrite from the iron(III)-cobalt(II) carboxylate solution was followed by measuring both iron and cobalt concentrations in the organic starting solution as a function of time. Kinetic data obtained at different temperatures and pressures are shown in Fig. 1 , where the percentages of precipitation are plotted against time. The percentages of precipitation were determined from the concentrations of iron and cobalt in the organic solution at any time, divided by the initial organic-phase concentrations of individual metals. The precipitation curves for iron coincided in position with those for cobalt. This result suggests that the stoichiometric cobalt ferrite, CoFe 2 O 4 , was prepared throughout the precipitation process. Figure 1 also shows the effects of temperature and total pressure on the precipitation rate of cobalt ferrite. The precipitation rate increased sharply as the temperature and total pressure were increased from 160 C and 0.6 MPa to 190 C and 1.3 MPa. There was no induction time before the initiation of precipitation, and the complete precipitation of cobalt ferrite was achieved within 20 min at 190 C and 1.3 MPa. Figure 2 shows the XRD patterns of the resulting precipitates from the mixed-metal carboxylate solution containing both iron and cobalt at 160 C and 0.6 MPa to 190 C and 1.3 MPa. The precipitates obtained from the binary mixed-metal carboxylate solution showed a sharp diffraction pattern, which was distinct from the pattern ofFe 2 O 3 . The pattern of -Fe 2 O 3 was not detected in the precipitate from the cobalt-iron carboxylate solution. The Xray diffraction pattern of the precipitates obtained at 160 C and 0.6 MPa indicated some sharp peaks due to unidentified phases, although the main peaks of cobalt ferrite were observed. Upon hydrothermal treatment at the higher temperature of 190 C and total pressures of 1.3 MPa, the XRD pattern of the precipitate was characteristic of cobalt ferrite (JCPDS 22-1086), and the sharpness of peaks indicated the highly crystalline nature of the precipitate. Therefore, the mild hydrothermal condition, at 190 C and 1.3 MPa, was required to prepare the crystalline phase of cobalt ferrite from the iron-cobalt carboxylate solution.
Because the X-ray powder diffraction pattern of cobalt ferrite is very similar to that of magnetite (Fe 3 O 4 ) , the content of cobalt and iron in the ferrite particles prepared at 190 C and 1.3 MPa for 60 min was determined by dissolving the solid products in concentrated HCl solutions. The chemical analysis revealed that the resulting ferrite had a cobalt/iron atomic ratio of 0:50 AE 0:02, which was close to the stoichiometric ratio of 0.50 for cobalt ferrite, CoFe 2 O 4 . In addition, the EDX spectrometry indicated that the cobalt/ iron atomic ratio was about 1:2 in the resulting precipitates. The precipitation of stoichiometric CoFe 2 O 4 was also evidenced by measurements of time course of the precipitation percentages of iron and cobalt (Fig. 1) .
These results lead to the conclusion that the crystalline particles of stoichiometric cobalt ferrite were precipitated from the mixed-metal carboxylate solution. The overall reaction for the preparation of cobalt ferrite can be represented schematically as:
where RCOOH represents the monocarboxylic acid. There is appreciable evidence that iron(III) forms a mixed-metal carboxylate complex with cobalt(II) in carboxylate solutions having an cobalt to iron ratio of 1:2.
11) It is likely that the predominant species is the hydroxo-centered trinuclear complex, Fe 2 Co(OH) 4 (RCOO) 4 Á2RCOOH (Fig. 3) . 12, 13) The cobalt ferrite particles derived from the mixed-metal complex in the starting solution has better chemical homogeneity on the molecular scale than is obtainable by conventional powder mixing. Because the cobalt ferrite particles were prepared in the presence of organic phase, there was a fear of unfavorable contamination of the oxide product with the organic starting materials, the Versatic 10-Exxsol D80 solution. The thermal analysis (TG-DTA) was performed to examine the organic contamination of the oxide particles. The cobalt ferrite particles did not exhibit an exothermic peak and a weight loss at 300 C on the TG-DTA curve, which would result from combustion of the organic material. The TG-DTA data demonstrates that the organic material content of the cobalt ferrite particles was below the thermal analysis detection limit (0.5 mass%). Figure 4 shows the transmission electron micrographs of the cobalt ferrite particles prepared at different liquid-phase stirring speeds. The ferrite particles prepared at 500 and 800 rpm were of angular morphology with a defined habit and a narrow particle size distribution. The average particle size in Feret's diameter was 13 nm for the cobalt ferrite prepared at 800 rpm and was 20 nm for the ferrite prepared at 500 rpm. The observed particle sizes from the TEM images were approximately equal to the crystallite sizes estimated from the XRD patterns (Fig. 2) . As the liquid-phase stirring speed decreased from 500 to 200 rpm, the particle size increased from 20 to 110 nm in Feret's diameter. This result indicates that the stirring speed of starting solution was one of the important factors for changing the particle size of cobalt ferrite. It is generally accepted that the precipitation process involves an initial stage when homogeneous nucleation gives primary crystallites, followed by agglomeration of the crystallites, possibly with growth of either the crystallites or the agglomerates. It is likely that vigorous stirring of the starting solution leads to the rapid formation of many nuclei, or break up growing particles. In addition, microscopic examination revealed that the particle size of cobalt ferrite is little affected by the operating temperature. Figure 5 shows the magnetization curves for the cobalt ferrite particles prepared at different liquid-phase stirring speeds. For the ferrite particles prepared at 200 rpm, 500 rpm and 800 rpm, their magnetization values at 0.8 MA/m were determined as 76.0 mWbÁm/kg, 54.0 mWbÁm/kg and 51.7 mWbÁm/kg, respectively. For the nanoparticles prepared at 500 to 800 rpm, the observed magnetization curves were not saturated at a magnetic field of 0.8 MA/m. The observed magnetization values at 0.8 MA/m were lower than the saturation magnetization of 101 mWbÁm/kg for bulk materials at room temperature, which was taken from the literature. 14) Furthermore, the coercive force of the ferrite nanoparticles drastically decreased with increasing the liquid-phase stirring speed. When the stirring of the starting solution was carried out at 200 rpm, 500 rpm and 800 rpm, the coercive force of resulting ferrite particles was 124 kA/m, 54.9 kA/m and 4.8 kA/m, respectively. Because the average diameter of the ferrite particles markedly decreased from 110 nm at 200 rpm to 13 nm at 800 rpm, the ferrite particle size appears to have a significant effect on the observed magnetic properties such as magnetization and coercive force. The observed effect of particle size on the magnetic properties is consistent with the magnetic behavior at superparamagnetism. It is likely that the resulting ferrite nanoparticles prepared at liquid-phase stirring speed of 800 rpm and 500 rpm are superparamagnetic because their particle sizes (13 and 20 nm) are smaller than the critical size for single domain particle for cobalt ferrite, which is about 60 nm.
15)
Conclusions
Upon treatment with water at 190 C and 1.3 MPa, the mixed iron(III)-cobalt(II) carboxylate solutions were hydrolyzed and gave precipitates at reaction time within 20 min. Powder characterization demonstrated that the resulting precipitates were crystalline, magnetic cobalt ferrite having a spinel structure and were free from unfavorable contamination by the organic starting materials. The average size of the ferrite particles drastically decreased from 110 nm to 13 nm as the liquid-phase stirring speed was changed from 200 rpm to 800 rpm. This result indicates that liquid-phase stirring speed was an important factor for changing the particle size of cobalt ferrite. The magnetic properties of the resulting cobalt ferrite particles markedly depended on the particle size, and the magnetization and the coercive force for the ferrite nanoparticles of 13 nm were 51.7 mWbÁm/kg and 4.8 kA/m, respectively.
